Abstract. Osteosarcoma is the most common aggressive sarcoma of the bone in children and adolescents. It is characterized by a high level of genetic instability and recurrent DNA deletions and amplifications. microRNAs (miRNAs) play a key role in cancer initiation, progression and metastasis; however, the potential role of miRNAs in osteosarcoma remains largely unknown. In the present study, miR-433 was shown to be overexpressed in osteosarcoma tissues compared with normal human osteoblasts. Transfection of miR-433 mimics into osteosarcoma cell lines significantly decreased apoptosis by targeting programmed cell death 4, a tumor suppressor that is involved in apoptosis. In contrast, inhibition of miR-433 enhanced apoptosis. Furthermore, in vivo miR-433 overexpression inhibited the apoptosis of tumor cells and increased tumor growth. The results of the present study suggested that miR-433 is a potential molecular target for osteosarcoma therapy.
Introduction
Osteosarcoma is the most common aggressive bone tumor in children and adolescents (1) . Although many tumors initially respond to chemotherapy, patients with metastatic or relapsed osteosarcoma have extremely poor survival outcomes (2) . The 5-year survival rate of patients without metastatic disease is 60-70%, while the clinical outcomes for patients with metastatic disease are far worse, since a 5-year survival rate of 15-30% has been reported for these patients (3, 4) . However, the mechanisms underlying the multiple oncogenic properties of osteosarcoma are not fully understood. A comprehensive understanding of the mechanisms is required for the development of effective therapeutic strategies.
Previous studies have revealed that microRNAs (miRNAs) regulate numerous cellular processes, including those associated with cancer (5) . miRNAs are a class of small non-coding RNAs that range from 22-25 nucleotides in length (6) . The 5'-region of a miRNA contains 2-8 bases, termed the seed region, which is important for target mRNA recognition (7) . miRNAs negatively regulate gene expression by inhibiting protein translation or by causing mRNA degradation through partial or complete base-pairing with the 3' untranslated region (3'UTR) of the target mRNA. Dysregulation of miRNA expression has been reported in various human cancers (5, 7) . Therefore, exploring the mechanisms underlying the carcinogenic effects of these aberrant tumor miRNAs is critical for cancer diagnosis and therapy.
Dysregulated miR-433 expression has been observed in various cancers and has been significantly associated with the clinical outcome of tumor patients. For example, the overexpression of miR-433 in a gastric cancer cell line suppressed cell growth and invasion by downregulating KRAS expression (8) . Overexpression of miR-433 downregulated thymidylate synthetase mRNA and protein expression and enhanced the sensitivity of HeLa cells to 5-fluorouracil (9) . In a previous study, miR-433 expression was decreased in myeloproliferative neoplasms, and overexpression of miR-433 was shown to inhibit hematopoietic cell growth and differentiation by targeting guanylate binding protein 2 (GBP2) (10) . However, the role of miR-433 in osteosarcoma cells remains unknown.
In the present study, miR-433 was shown to be upregulated in human osteosarcoma tissue compared with normal tissue. Ectopic expression of miR-433 decreased apoptosis in osteosarcoma cells by targeting programmed cell death 4 (PDCD4), indicating that miR-433 may be a potential molecular target for osteosarcoma treatment. Each experiment was performed in triplicate. All samples were normalized to the internal control, and fold-changes were calculated using the 2 −ΔΔCq quantification method (11) . The primers used for miR-433 and RNU6 (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) were as follows: miR-433, forward 5'-GGC GGT GAA TAA TGAC-3' and reverse 5'-GTG CAG GGT CCG AGGT-3'; and RNU6, forward 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT AAGCA-3' and reverse 5'-CCT GCG CAA GGA TGAC-3'.
Materials and methods

Cell
Microarray data analysis. Expression data (Gene Expression Omnibus accession no. 39040; title: MicroRNA profiling and clinical outcomes in human osteosarcoma) were downloaded and imported to the R environment available at http://www.r-project.org and processed using the Illumina-specific package lumi. Variance-stabilizing transformation (12) and quantile normalization were applied to analyze gene expression.
Transfections. Synthetic constructs containing miR-433 mimic, miR-433 inhibitor, negative control or PDCD4 small interfering (si)RNA (GenePharma Co., Ltd., Shanghai, China) were transfected into the osteosarcoma cell lines at a final concentration of 20 nM. All transfections were performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol.
Vector construction. PDCD4 was identified as a potential target for miR-433 using TargetScan (http://www.targetscan.org/) and miRanda (http://www.microrna.org/). The fragment of the 3'UTR of PDCD4 mRNA (GenBank accession no. NM014456.4) containing the potential miR-433 binding site was amplified by PCR using forward 5'-TGC CAT GTT TAT TAT CTAA-3' and reverse 5'-AAT TCG AGA TCC AGT CTA-3' primers, and cloned downstream of the luciferase reporter gene in the pGL3-control vector (Promega Corporation, Madison, WI, USA) to form pGL3-PDCD4-3'UTR-WT. The 3'UTR-Mut plasmid of PDCD4 (pGL3-PDCD4-3'UTR-MUT) harboring mutations in the sequence complementary to the seed region of miR-433 was constructed using site-specific mutagenesis (13) .
Luciferase reporter assay. The dual-luciferase reporter assay was performed to determine whether miR-433 downregulates PDCD4 by binding to the 3'UTR region. HEK293T cells (American Type Culture Collection) were plated in a 48-well plate at 80-90% confluence. After cotransfection with 20 nM miR-433 mimic or scramble control and 40 ng pGL3-PDCD4-3'UTR-WT or pGL3-PDCD4-3'UTR-MUT, the cells were collected to measure Firefly luciferase activity with the dual-luciferase assay (Promega Corporation). The assays were performed in triplicate.
Western blotting. The cells were lysed using radioimmunoprecipitation assay lysis buffer (Invitrogen; Thermo Fisher Scientific, Inc.) containing 1X phenylmethylsulfonyl fluoride and 1X protease inhibitor cocktail (Roche Diagnostics). The protein concentration was measured using the bicinchoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). The proteins (30 µg) were separated by 10% SDS-PAGE and transferred onto a PVDF membrane. The membranes were blocked with 5% nonfat milk in TBST for 1 h and incubated overnight at 4˚C with the following primary antibodies: Rabbit monoclonal anti-β-actin (1:5,000; catalog no. 4970; Cell Signaling Technology, Inc., Danvers, MA, USA); rabbit monoclonal anti-PDCD4 (1:1,000; catalog no. 9535; Cell Signaling Technology, Inc.); and rabbit monoclonal anti-PARP (1:1,000; catalog no. 9532; Cell Signaling Technology, Inc.). Upon being washed, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:5,000; catalog no. ab97051; Abcam, Cambridge, UK) at room temperature for 1 h. Signals were detected with an enhanced chemiluminescence system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis.
OCT-embedded cryosections (6 µm-thick) of tumors were fixed with 4% paraformaldehyde for 30 min. Following permeabilization with 0.1% Triton X-100 for 10 min, the tumor sections were incubated with methanol containing 3% H 2 O 2 , followed by dUTP nick end labeling at 37˚C for 1 h using the In Situ Cell Death Detection kit (Sigma-Aldrich; Merck Millipore).
Apoptosis analysis. Apoptosis was assessed used Annexin V/propidium iodide (PI) staining. Adherent and floating cells were harvested by trypsinization and washed three times with PBS. Subsequently, the cells were stained with 5 µl Annexin V in 60 µl 1X binding buffer (BD Biosciences, Franklin Lakes, NJ, USA) for 15 min at room temperature in the dark. After staining, 120 µl 1X binding buffer and 5 µl PI were added to the cells, and the cells were analyzed using a FACSCalibur flow cytometer.
Immunofluorescence. Cells were fixed with 4% paraformaldehyde and treated with 1:400 diluted rabbit monoclonal anti-PDCD4 antibody (catalog no. 9535; Cell Signaling Technology, Inc.), followed by 1:400 diluted Alexa Fluor 568-conjugated anti-rabbit antibody (Cell Signaling Technology, Inc.) and DAPI (0.5 ng/ml; Thermo Fisher Scientific, Inc.).
Tumorigenicity assay in nude mice. A total of 10 4-to-6-week old male athymic nude mice, which weighed 24-30 g, were purchased from Shanghai Laboratory Animal Center (Shanghai, China). All mice were housed and treated in accordance with the guidelines of the Shandong University Animal Care and Use committee (Shanghai, China), and were maintained in specific pathogen-free conditions, consisting of a reversed 12:12-h light-dark cycle with controlled temperature (21 ± 1˚C) and humidity. The mice were allowed free access to food and water. All experiments involving animals were undertaken in accordance with the Health Guide for the Care and Use of Laboratory Animals at Shandong University. U2OS cells (1x10 6 cells) stably expressing miR-433 or the control vector were inoculated bilaterally into the armpit region of 4-week-old immunodeficient nude mice. The tumor weights were measured 30 days following inoculation. All mice were euthanized by 30% CO 2 inhalation for 7 min and the tumor tissues were dissected.
Statistical analysis. Data are presented as the mean ± standard deviation. Statistical analyses were performed using SPSS 17.0 software. Statistical significance was determined using the two-tailed unpaired Student's t-test, unless otherwise noted. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-433 is overexpressed in osteosarcoma.
In order to detect the expression level of miR-433 in human osteosarcoma, the miRNA expression profile array (Gene Expression Omnibus accession no. 39040; title: MicroRNA profiling and clinical outcomes in human osteosarcoma) was analyzed and showed that miR-433 was significantly upregulated in osteosarcoma tissues compared with normal tissues (P=0.0046; Fig. 1A ). To further confirm the upregulation of miR-433 in osteosarcoma, RT-qPCR analysis of three matched clinical sample pairs was performed. miR-433 expression was markedly higher in clinical osteosarcoma tissues compared with adjacent normal tissues (Fig. 1B) . In addition, RT-qPCR was used to show that the miR-433 expression level in the normal human osteoblastic cell line hFOB 1.19 was lower compared with the human osteosarcoma cell lines (Fig. 1C) .
miR-433 inhibits the apoptosis of human osteosarcoma cells in vitro.
To assess the effects of miR-433 expression on osteosarcoma cell survival, the osteosarcoma cell line U2OS was used. Cells were transfected with miR-433 mimic, miR-433 inhibitor or scrambled control and were stained with Annexin V, a well known marker of early apoptosis. Flow cytometry showed that a significant decrease in Annexin V binding was detected at 48 h following transfection with miR-433 mimic compared with the control ( Fig. 2A and B) . As expected, the miR-433 inhibitor increased the apoptosis of U2OS cells compared with the control ( Fig. 2A and B) . To further confirm the effects of miR-433 on apoptosis in osteosarcoma cells, western blot analysis to assess the levels of cleaved poly(ADP-ribose) polymerase (PARP) was performed. The result showed that miR-433 mimics decreased the levels of cleaved PARP (Fig. 2C) . These results suggest that overexpression of miR-433 protects the tumor cells from apoptosis.
miR-433 suppresses the expression of PDCD4.
To further examine the mechanism by which miR-433 inhibits apoptosis in osteosarcoma cells, the present study analyzed the downstream targets of miR-433 using TargetScan and miRanda to predict potential direct targets (14, 15) , in particular those involved in apoptosis. PDCD4, a tumor suppressor involved in apoptosis (16) , had potential miR-433-binding regions in the 3'UTR of its mRNA (Fig. 3A) . RT-qPCR and western blotting confirmed that miR-433 downregulated PDCD4 in osteosarcoma cells at both the protein and mRNA expression levels ( Fig. 3B and C) , which suggested that miR-433 regulates the expression of PDCD4 by promoting the degradation of its mRNA. To explore whether PDCD4 is indeed the target of miR-433, the luciferase reporter assay using vectors encoding wild-type or mutant PDCD4 3'UTR downstream of the luciferase gene was performed. Luciferase activity was markedly decreased in miR-433-overexpressing cells co-transfected with pGL3-PDCD4-3'UTR-WT, but not in cells co-transfected with pGL3-PDCD4-3'UTR-MUT (Fig. 3D) .
miR-433 decreases tumor apoptosis in vivo.
To examine the impact of miR-433 on tumor apoptosis, Balb/c nude mice were used to establish a xenograft tumor model. U2OS cells stably overexpressing miR-433 or vehicle were subcutaneously injected into the bilateral armpits of nude mice. Tumor weight was measured after sacrifice on day 30 post-injection. As shown in Fig. 4A and B, the tumor weight of the miR-433 overexpression group was significantly increased compared with the control group (P=0.0073). In situ TUNEL analysis showed that tumors overexpressing miR-433 had less TUNEL-positive cells than control group tumors (Fig. 4C) . Immunofluorescence analysis of the xenograft tumor showed that tumors overexpressing miR-433 had decreased PDCD4 expression (Fig. 4D) , which was consistent with the in vitro data, suggesting that miR-433 regulates apoptosis by targeting PDCD4.
Discussion
Osteosarcoma is the most common primary malignant tumor of the bone; it has an annual worldwide incidence of 1-3 cases per 1 million (17) . Osteosarcoma occurs most frequently in children and adolescents, with a second peak in incidence in those aged >50 years (18) . Despite significant improvements in the diagnosis and treatment of osteosarcoma, overall survival has remained relatively constant for >20 years (2) . Several dysregulated miRNAs, including downregulated miR-34 and miR-143, and upregulated miR-140 and miR-21, have been associated with osteosarcoma development (19) (20) (21) . However, the identification of novel and important dysregulated miRNAs, as well as the elucidation of their roles in osteosarcoma carcinogenesis and progression, remains an ongoing process.
Increasingly, studies have shown that various miRNAs involved in apoptosis are also associated with chemotherapy resistance in osteosarcoma (22) (23) (24) (25) . Some miRNAs function as oncogenes, and have been reported to be upregulated in osteosarcoma, while others serve as tumor suppressors, and are often downregulated in osteosarcoma (26) . Therefore, a potential therapeutic strategy in osteosarcoma would be to knockdown the expression of oncogenic miRNAs using miRNA inhibitors or to overexpress the tumor suppressor miRNAs using miRNA mimics. Previous reports have shown that miR-433 is aberrantly expressed in various cancers. For example, miR-433 was decreased in myeloproliferative neoplasms, and overexpression of miR-433 suppressed hematopoietic cell growth and differentiation by targeting GBP2 (10) . The present study demonstrated that miR-433 was upregulated in osteosarcoma tissues compared with the adjacent normal tissues, and inhibited osteosarcoma apoptosis. The present data, along with an analysis of a published dataset (27) , showed that miR-433 was overexpressed in osteosarcoma tissues and cell lines. In combi nation with previous reports revealing the roles of miR-433 in various other types of cancer, including ovarian and gastric cancer (28, 29) , the present study further confirmed that miR-433 functions as an oncomiR in osteosarcoma. Furthermore, overexpression of miR-433 was shown to decrease the apoptosis of osteosarcoma cells by targeting PDCD4 in vitro. In addition, in the xenograft tumor model, miR-433-overexpressing U2OS cells were more resistant to apoptosis.
In conclusion, the present study is the first to demonstrate that miR-433 is significantly overexpressed in osteosarcoma tissues and cell lines. Furthermore, miR-433 was shown to play a crucial role in apoptosis by targeting PDCD4 in osteosarcoma. These results suggest that miR-433 may be a molecular target for osteosarcoma therapy.
